Neural plasticity requires protein synthesis, however the identity of newly synthesized proteins generated in response to plasticity-inducing stimuli remains unclear. We used in vivo bioorthogonal non-canonical amino acid tagging (BONCAT) with the methionine analog, azidohomoalanine (AHA) combined with multidimensional protein identification technique (MudPIT) to identify proteins that are synthesized in tadpole brain over 24 h. We induced conditioning-dependent plasticity of visual avoidance behavior. Induction of behavioral plasticity required NMDA and Ca 2+ -permeable AMPA receptors, αCaMKII and rapid protein synthesis. Combining BONCAT with Western blots revealed that proteins including αCaMKII, MEK1, CPEB, and GAD65 are synthesized during conditioning. Acute synthesis of CPEB during conditioning is required for behavioral plasticity as well as conditioning-induced synaptic and structural plasticity in the tectal circuit. We outline a signaling pathway regulating protein synthesis-dependent behavioral plasticity in intact animals, identify newly synthesized proteins induced by visual experience and demonstrate a requirement for acute synthesis of CPEB in plasticity.
Introduction
Synaptic plasticity is thought to be a cellular substrate for experience-dependent behavioral plasticity. Calcium influx through NMDAR and Ca 2+ -permeable AMPAR drives rapid changes in synaptic efficacy (Liu and Zukin, 2007; Malenka, 2003) and triggers activitydependent gene transcription and protein synthesis (Chen et al., 2012a; Nedivi, 1999; Sutton and Schuman, 2006; West and Greenberg, 2011) . Activity-regulated protein translation by mRNA-binding proteins provides a mechanism to coordinate expression of a cohort of transcripts (Keene and Tenenbaum, 2002) . Studies in hippocampal neuron cultures (Atkins et al., 2004; and mammalian visual cortex (Wells et al., 2001) suggest that a cascade of NMDAR activation, calcium influx and αCaMKII activation result in CPEB phosphorylation and relief of translational inhibition. Although CPEB has been shown to play a role in synaptic plasticity across phyla (Berger-Sweeney et al., 2006; Bestman and Cline, 2008; Dziembowska et al., 2012; Keleman et al., 2007; Oruganty-Das et al., 2012; Richter, 2010; Si et al., 2003; Wells et al., 2001) , evidence that it is required for behavioral plasticity in vertebrates is limited (Berger-Sweeney et al., 2006) . In the Xenopus visual system, NMDAR, CaMKII and CPEB regulate synaptic strength, experience-dependent structural plasticity and tectal cell visual responses (Bestman and Cline, 2008; Rajan et al., 1999; Sin et al., 2002; Wu et al., 1996; Wu and Cline, 1998) . Recent work has shown that tadpoles exhibit an innate visual avoidance behavior, in which animals avoid an approaching visual stimulus (Dong et al., 2009; Shen et al., 2011) , however it is unclear whether the visual avoidance behavior shows experience-dependent plasticity or what cellular mechanisms govern the behavioral plasticity.
Bio-orthogonal metabolic labeling and click chemistry have advanced the study of proteins (Best, 2009; Ngo and Tirrell, 2011; Speers and Cravatt, 2004) . Azidohomoalanine (AHA) is a non-canonical amino acid (ncAA) methionine analog that is incorporated into newly synthesized proteins in place of methionine. AHA's highly reactive azide group does not react with functional groups in cells, but efficiently reacts with biotin-alkyne using coppercatalyzed azide-alkyne cycloaddition (CuAAC) in a click chemistry reaction. Furthermore, the small size of the reactive group does not interfere with protein function and is not toxic to cells or animals (Beatty and Tirrell, 2008; Best, 2009; Dieterich et al., 2010; Dieterich et al., 2006; Hinz et al., 2012; Melemedjian et al., 2010; Ngo and Tirrell, 2011; Yang et al., 2010) . Because almost all proteins have at least one methionine (97.9% of Xenopus transcripts in RefSeq begin with methionine), this method can provide an accurate report of newly synthesized proteins. AHA-biotin labeled proteins have been detected after AHA exposure in cultured neurons and non-neuronal cells (Beatty and Tirrell, 2008; Choi et al., 2012; Dieterich et al., 2010; Dieterich et al., 2006; Dziembowska et al., 2012; Melemedjian et al., 2010) , and in zebrafish larvae (Hinz et al., 2013; Hinz et al., 2012) using Western blots or fluorescence (FUNCAT) to detect AHA-labeled proteins, however direct detection of AHA-biotin-modified peptides by MudPIT has been challenging.
Here we demonstrate that visual conditioning (VC) induces protein synthesis-dependent plasticity of visual avoidance behavior. Using BONCAT and MudPIT, we identify ~1000 proteins in the tadpole brain that are synthesized over 24 h. We also use BONCAT with Western blots to identify proteins that are induced in response to VC, including CPEB. Finally, we demonstrate that acute synthesis of CPEB during VC is required for behavioral plasticity and the underlying synaptic and structural plasticity in the tectum. In contrast to the prevailing model that protein synthesis is required for late maintenance phases of plasticity, our data suggest that protein synthesis is required earlier, during induction of plasticity and identifies key players in early protein synthesis-dependent plasticity.
Results

Experience-dependent plasticity of visual avoidance behavior
Tadpoles escape from an approaching object by changing their swim trajectory when an object approaches the animal at approximately right angles to the eye ( Figure 1A) . We determined the avoidance index (AI, % of avoidance responses per 10 trials) in response to 0.4 cm stimuli (Dong et al., 2009; Shen et al., 2011) over 4-24 hours by measuring AI during 1-minute test periods with half an hour intervals between tests. We did not observe any habituation of AI when animals were tested over 7 hours ( Figure 1B ), indicating our method is suitable for studies of behavioral plasticity over this time frame. Since tadpoles are not pre-screened for high performance of avoidance behavior (Shen et al., 2011) , the average AI for control animals is ~40%, providing the opportunity to detect changes in AI.
We tested whether VC affects visual avoidance behavior by exposing freely swimming animals to a stimulus composed of bars moving at 0.3 Hz in 4 directions in pseudorandom order and testing visual avoidance. AI was measured three times at 30-minute intervals to establish a baseline before tadpoles were exposed to VC. Exposure to 30 minutes of conditioning consisting of 3 five-minute episodes of moving bars with 5-minute intervals between episodes significantly increased AI for 24 hours ( Figure 1C ). Exposure to 2 or 4 hours of continuous VC significantly improved AI when tested 30 minutes or 1 day after conditioning (Figure 1D , E). VC did not significantly affect responses to other stimuli ( Figure S1 ). We used the 30-minute VC protocol in the following experiments to investigate mechanisms underlying rapid induction of visual avoidance plasticity.
NMDAR, Ca 2+ -permeable AMPAR and CaMKII are required for plasticity of visual avoidance behavior Exposing animals to (±)-3-(2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP, 25 μM), a potent and selective NMDA receptor antagonist, during but not after VC blocked plasticity of avoidance behavior (Figure 2A , B). Exposing tadpoles to Joro Spider Toxin (JST, 500 nM), a specific Ca 2+ -permeable GluAR blocker, during or just after VC blocked behavioral plasticity ( Figure 2C ). Exposure to JST without VC does not affect AI ( Figure  S2 ). Exposing tadpoles to the CaMKII inhibitor KN93 (5 μM) during VC blocked behavioral plasticity ( Figure 2E ), while the inactive analog, KN92 (5 μM) did not ( Figure  2F ).
Visual avoidance plasticity requires protein synthesis during conditioning
Protein synthesis is thought to be necessary for late stages of learning and memory (Agranoff and Klinger, 1964; Chen et al., 2012a; Flexner et al., 1963; Sutton and Schuman, 2006) . Exposing animals to anisomycin (ANI, 25 μM), a protein synthesis inhibitor, during or immediately after VC, blocked behavioral plasticity ( Figure 2G, H) . Furthermore, exposing animals to actinomycin D (Act D, 25 μM), a transcriptional inhibitor, during VC, also blocked behavioral plasticity ( Figure 2I ). Exposing tadpoles to ANI or Act D for 8 hour does not affect baseline AI ( Figure S2 ), indicating that the short-term drug exposures used here do not alter the animal's health or sensorimotor responses. Summary plots of AI measured 3-4 h after VC show that behavioral plasticity depends on NMDAR receptor, Ca 2+ -permeable AMPAR and CaMKII, as well as gene transcription and protein translation ( Figure 2J ).
Acute labeling of newly synthesized proteins in vivo
We used BONCAT with AHA incorporation to label newly synthesized CNS protein in intact tadpoles ( Figure 3A ). Tecta harvested 2 hours after ventricular AHA injection show extensive labeling of biotinylated proteins over a wide range of molecular weights ( Figure  3B ). Newly synthesized proteins labeled by BONCAT can be detected within 30 min of AHA injection and increase over 3.5 hours ( Figure 3C ).
To test whether AHA incorporation can be used to detect changes in protein synthesis in vivo, we exposed tadpoles to ANI and to the GABA receptor antagonist, pentylenetetrazol (PTZ). PTZ induces seizure (Hewapathirane et al., 2008) , which increases gene expression and protein synthesis (Hinz et al., 2012; Worley et al., 1990) . ANI significantly decreased AHA incorporation and PTZ significantly increased AHA labeling compared to untreated tadpoles ( Figure 3D ).
MudPIT analysis of AHA-biotin labeled newly synthesized proteins
We used MudPIT to analyze newly synthesized proteins in tadpole brains. Stage 47/48 tadpoles received 2 ventricular AHA injections over 24 h and brains were dissected 1-2 h after the 2 nd injection. We optimized the CuAAC click chemistry reaction and established methods to enrich mass spectrometry samples for peptides containing biotinylated AHA. We identified proteins based on direct detection of peptides containing biotinylated AHA by measuring the molecular mass shifts of biotin-modified peptides compared to unmodified peptides to eliminate false positive calls. From the brains of 1200-1500 AHA-injected tadpoles, we detected 992 newly synthesized proteins from 1617 AHA-biotin-modified peptides. AHA-biotin labeled proteins were categorized according to the protein's annotated cellular localization using STRAP (Software Tool for Researching Annotations of Proteins) (Bhatia et al., 2009) (Figure 4A and Table S1 ). The newly synthesized proteins were annotated to a wide variety of cellular compartments including the nucleus, cytoplasm and cytoskeleton. We searched our dataset for proteins that are functionally related to neural circuit development and plasticity, and present them according to functional categories including translation regulation, protein kinases and phosphatases, receptors, channels, membrane trafficking and cell adhesion ( Figure 4B and Table S2 ). Key players in synaptic plasticity were AHA labeled, including protein phosphatases and protein kinases, such as CaMKII, MAPK, PI3K and PKA, synaptic proteins, including SNAREs, Homer, oligophrenin and AMPA and NMDA receptors, and translational regulators, such as translation initiation and elongation factors, the mRNA binding proteins, CPEB, staufen, and pumilio, and growth factors, including BDNF. These data indicate that in vivo BONCAT can be used to identify newly synthesized proteins based on direct detection of AHA-biotin modified peptides by MudPIT. The data demonstrate the breadth and diversity of the newly synthesized proteome generated over 24 h in the intact brain.
Identification of newly synthesized proteins induced by VC
We exposed AHA-injected animals to VC for 30 minutes, and after 2 hours in ambient light, optic tecta were dissected. Ventricular injection of 500 mM AHA does not affect visual avoidance behavior or behavioral plasticity ( Figure S4 ), confirming studies in Zebrafish (Hinz et al., 2012) , indicating that AHA can be used to assess protein synthesis in vivo without interfering with neural circuit function or behavior. Proteins for which antibodies are available were analyzed as shown in Figure 5A . First we estimated protein levels in an aliquot of the tectal homogenate by measuring β-tubulin by Western blot. The remainder of the sample was processed for click chemistry and used to assess newly synthesized AHAbiotin tagged β-tubulin. The same blots from the click chemistry samples were stripped and labeled with anti-biotin antibody to reveal the newly synthesized AHA-biotin labeled β-tubulin ( Figure 5A ). Comparable amounts of β-tubulin were detected in samples from control and VC tadpoles ( Figure 5A , left panel), but more newly synthesized AHA-biotin labeled β-tubulin was detected after VC ( Figure 5A , middle and right panels). These data indicate that BONCAT can dramatically increase the sensitivity to detect changes in protein synthesis.
Analysis of AHA-biotin labeling in candidate proteins showed that VC rapidly increased the synthesis of some proteins, including the protein kinases MEK1 and CaMKII, the histone deacetylase, HDAC3, the translational regulator, CPEB1, and the GABA synthetic protein, GAD65. AHA-labeling in other proteins was not changed by VC, including synaptic proteins, syntaxin 1A (STX1A) and SNAP25, the transcription factor, CREB, and the cell adhesion molecule, Cadherin. Finally, AHA incorporation was not detected in several candidates we tested, NF-M, PSD95, and γ2 subunit of GABAA receptors ( Figure 5B -D).
Visual avoidance behavior is regulated by CPEB signaling
We electroporated tadpoles with translation-blocking morpholinos against CPEB (CPEB-MO), which knock down CPEB and decrease CPEB function (Bestman and Cline, 2008) and subjected them to VC 2 days later. Electroporation distributes morpholinos throughout the tectum (Bestman and Cline, 2013) . CPEB-MO or control morpholino (Ctrl-MO) did not affect baseline AI, but CPEB-MO specifically blocked VC-induced visual avoidance plasticity ( Figure 6A ,D,E). Co-electroporating CPEB-MO and morpholino-insensitive Xenopus CPEB-CFP increased baseline AI, which was not affected by CPEB-MO ( Figure  6B , D,E), suggesting that overexpression of CPEB occluded the effect of VC on behavior. By contrast, co-electroporating mutant CPEB, which lacks the phosphorylation sites required to activate CPEB , does not affect baseline AI and blocks the VCinduced behavioral plasticity ( Figure 6C-E) . Data presented in Figure 5 indicate that VC acutely increases CPEB synthesis. Electroporating CPEB-MO immediately before VC blocked behavioral plasticity ( Figure 6F ), suggesting that newly synthesized CPEB induced during VC is required for plasticity of visuo-motor behavior. Consistent with this, CPEB-MO blocks VC-induced CaMKII phosphorylation and decreases VC-induced AHA labeling ( Figure S5 ).
VC-dependent retinotectal circuit plasticity is blocked by acute CPEB knockdown
We recorded visually-evoked excitatory compound synaptic currents (CSCs) from tectal neurons in animals with or without VC. Visually-evoked retinotectal responses and recurrent tectal circuit activity are significantly greater when recorded 1-3 hours after VC ( Figure  7A ,B). We electroporated tadpoles with CPEB-MO 2 hours before VC and recorded visually-evoked responses within 3 hours afterwards. Acute CPEB-MO blocked VC-induced potentiation of visually-evoked responses ( Figure 7A ,B).
In vivo time lapse imaging of optic tectal neuronal dendrites shows VC-induced increase in dendritic arbor elaboration ( Figure 7C ), as previously described . Electroporating CPEB-MO 2 h before time-lapse imaging specifically blocked the VCinduced structural plasticity of tectal cell dendrites ( Figure 7C,D) . Together, these data suggest that acutely decreasing CPEB synthesis simultaneously blocks VC-induced tectal cell structural plasticity, synaptic plasticity in retinotectal circuit and behavioral plasticity.
Discussion
This study demonstrates that visual avoidance behavior in Xenopus is plastic and increases after visual conditioning. We demonstrate that a signaling pathway including NMDAR, GluAR, CaMKII and CPEB is required for VC-induced plasticity of visual avoidance behavior. Furthermore, the behavioral plasticity requires proteins whose synthesis is induced by VC. By combining AHA incorporation, BONCAT and MudPIT, we identified the newly synthesized brain proteome labeled over 24 h in the developing brain in vivo. We show that CPEB, CaMKII, MEK1, HDAC3 and GAD65 are among the AHA-labeled proteins whose de novo synthesis is increased in response to VC. Finally, we show that delivery of translation-blocking morpholinos for CPEB immediately prior to conditioning blocks behavioral, synaptic and structural plasticity in the tectal circuit. We expect that improved strategies we present here to label and identify newly synthesized proteins from the intact brain of behaving animals by MudPIT and Western blot will be broadly applicable to a variety of experimental systems and conditions.
In vivo labeling and screening of newly synthesized proteins
Since the original observations that protein synthesis inhibitors block learning in goldfish and mice (Agranoff and Klinger, 1964; Flexner et al., 1963) , considerable effort has been devoted to identify proteins synthesized during plasticity, starting with labeling newly synthesized proteins with radioactive amino acids (Duffy et al., 1981; Shashoua, 1977a, b) . More recent work has used stable isotope labeling with amino acids in cell culture (SILAC) combined with mass spectrometry to identify and quantify differences in brain protein expression (Konzer et al., 2013; Liao et al., 2008) , however, isotope labeling for global proteomic analysis does not distinguish newly synthesized proteins from pre-existing proteins, because they are chemically identical. BONCAT labeling in neurons followed by detection of biotinylated proteins by Western blot has permitted gross quantification of global changes in levels of protein synthesis and identification of specific candidate proteins (Dziembowska et al., 2012; Hinz et al., 2012; Hodas et al., 2012) .
A previous study in which Zebrafish embryos were exposed animals to 4 mM AHA in embryo medium demonstrated a gradual accumulation of AHA-biotin labeled proteins over 72 h (Hinz et al., 2012) . To increase the temporal resolution of the AHA labeling and to compete with endogenous methionine, which interferes with AHA incorporation into nascent proteins, we injected 150-500 mM AHA into the brain ventricle. A single ventricular injection of AHA is sufficient to label new proteins in vivo within 1-2 hour after injection. The increased temporal resolution of AHA-labeling was key to our ability to identify proteins whose synthesis is rapidly regulated by VC.
AHA biotinylation by click chemistry permits enrichment of newly synthesized proteins for subsequent analysis by mass spectrometry (Choi et al., 2012; Hodas et al., 2012) . In previous studies, biotinylated proteins were enriched by incubating complex protein mixtures with Neutravidin resin. The bound proteins, including biotinylated proteins and proteins that are non-specifically or indirectly retained on the resin, were digested with protease and resultant peptides were identified by MudPIT. This protocol makes it difficult to identify peptides that are directly modified by the incorporation of the AHA, because they are a minority of peptides in the complex mixture applied to MS/MS. To address this problem of signal to noise, we performed the biotinylation click reaction with biotin-alkyne, which cannot be cleaved by proteases, and digested the protein mixture with trypsin prior to incubation with Neutravidin resin. This optimized the enrichment of AHA-biotinylated peptides from the total lysate, resulting in samples in which the majority of peptides identified by MS/MS were directly modified by AHA-biotin. Consequently, our improved sample preparation, together with search algorithms targeted for the mass shift conferred by the AHA-biotin tag, increased our confidence in the identification of newly synthesized proteins by enriching the sample in peptides that included AHA-biotin, by directly identifying the modified peptides, and by excluding false positives from the candidate list that arise by calling proteins based on unmodified peptides.
We identified over 990 proteins labeled by AHA incorporation in the brain. We note that proteins concerned with protein synthesis and degradation are represented in the AHAlabeled protein population, including translational machinery, elongation factors, mRNA binding proteins, ribosomal proteins, proteosomal proteins and ubitiquitin ligases. This indicates that protein homeostasis itself is under dynamic control by factors controlling protein synthesis and degradation. Many AHA-labeled proteins synthesized within the 24 h window are cytoskeletal proteins, which are known to play an active role in cell proliferation, the development of neuronal structures, and in structural modifications pertaining to synaptogenesis and synaptic plasticity. Similarly, proteins that regulate membrane dynamics, such as GTPases, were also highly represented in the AHA-labeled sample, consistent with the major structural modifications of neurons, glia and neural progenitor cells during neuronal development and circuit assembly in the tadpole stages used in this study. Proteins related to axon outgrowth, cell adhesion and axon guidance are AHA-labeled, consistent with a predominance of these circuit-assembly events in tadpole brain. These data indicate that even within a relatively short period of 24 hours, cells in the developing central nervous system support considerable turnover of structural proteins and proteins related to membrane structural dynamics, as well as proteins specifically required for neuronal development and building neural circuits. Of particular interest for this study, we note that synaptic proteins, including neurotransmitter receptors, calcium channels, vesicular transport proteins, vesicular proteins, such as SNAP25, are AHA-labeled, suggesting active assembly and plasticity of synaptic components. Another functional category of AHA-labeled proteins relevant to the current study is signaling proteins, including protein kinases, CaMKII, MAP kinases and protein phosphatases. These data demonstrate that identification of AHA-biotin labeled proteins provides an overview of cellular processes subject to control by protein homeostasis and also allow targeted evaluation of the role of protein synthesis in specific events such as behavioral plasticity.
Experience-dependent synaptic and behavioral plasticity
Here we show that a tectally-mediated behavior, the visual avoidance response, is plastic for at least 24 h after VC. The 30-minute VC protocol is sufficient to induce plasticity, and reveals the gradual time-course of expression of plasticity. Brief VC also resulted in delayed expression of BDNF-dependent changes in synaptic plasticity and a behavioral readout of increased visual acuity (Schwartz et al., 2011) , consistent with the gradual or delayed expression of plasticity that we observe. VC appears to induce plasticity through several activity-regulated transcriptional pathways (Chen et al., 2012b; Schwartz et al., 2009 ) and CPEB-mediated translational regulation reported here and previously (Bestman and Cline, 2008) , which may operate in parallel. Maintenance of behavioral plasticity was comparable across the different induction protocols, suggesting that comparable plasticity was induced with different VC protocols. Furthermore, VC increases the strength of retinotectal synaptic transmission and recurrent tectal activity (Figure 7) , supporting with the idea that potentiation of central synapses that process information prior to output to motor systems is a fundamental mechanism of behavioral plasticity.
Numerous studies support a step-wise model in which synaptic activity-mediated membrane depolarization causes a rise in calcium, which in turn activates divergent calcium-dependent signaling pathways that result in both rapid and local changes in synaptic efficacy (Lisman et al., 2012; Malenka, 2003) , as well as changes in gene expression and protein synthesis, which in turn affect neural circuit plasticity (West and Greenberg, 2011) . In particular, visual avoidance plasticity is induced by a highly conserved signaling pathway for synaptic and behavioral plasticity (Griffith et al., 1993; Lisman et al., 2002; Liu and Zukin, 2007; Man, 2011) . Our data showing that application of NMDAR antagonists only during conditioning blocked behavioral plasticity are consistent with the prevailing model of distinct sequential mechanisms for induction and expression of plasticity. Interestingly, blockade of calcium-permeable GluAR with JST during or within the first hour after VC inhibited plasticity, suggesting that induction of visual avoidance plasticity includes a sensitive period for calcium influx through GluAR that extends after VC. Calcium entry thought GluNR and GluAR engages different downstream signaling pathways, likely reflecting distinct spatiotemporal features of calcium signaling (Man, 2011) . In addition, plasticity of transmission through GluNR and GluAR differs (Liu and Zukin, 2007) . For instance, VC regulates transmission through calcium-permeable GluAR by increasing intracellular polyamines (Aizenman et al., 2002) , which effectively enhances responses to convergent co-activate synaptic inputs by a postsynaptic mechanism of use-dependent relief of polyamine block of calcium-permeable AMPA receptors (Bowie and Mayer, 1995; Rozov et al., 1998) . Therefore, exposure to JST after VC may block behavioral plasticity by interfering with the enhanced detection of coactive convergent input and resultant signaling from calcium-permeable GluAR. VC-induced plasticity is mediated by increased retinotectal synaptic transmission, likely due to increased synaptic GluAR trafficking (Haas et al., 2006) . Visual experience can also induce persistent neural circuit refinement in a spiketiming dependent manner (Engert et al., 2002; Mu and Poo, 2006; Pratt et al., 2008) . Repeated visual stimuli improve visual acuity by a mechanism depending on BDNFmediated facilitation of retinotectal synapses (Schwartz et al., 2011) , consistent with the demonstrated role of BDNF in retinotectal connectivity (Cohen-Cory et al., 2010) and our mass spectrometry results that BDNF is labeled by AHA incorporation. Together these studies suggest that induction and expression of synaptic and behavioral plasticity in response to VC may operate through highly overlapping and conserved molecular and cellular mechanisms.
Rapid CPEB signaling
Our data indicate that VC increased translation of transcripts including CaMKII, MEK1, GAD65. Some of the proteins whose synthesis was increased with VC have CPE sites and are likely CPEB targets. Others are likely effector proteins, such as GAD65, a known activity-regulated protein that increases GABA synthesis. Finally other proteins whose translation is regulated by VC are kinases such as MAP kinase, which themselves are pleiotropic in their influence of synaptic and behavioral plasticity. Importantly, blocking CPEB translation acutely during VC blocks behavioral plasticity, as well as synaptic and structural plasticity. This suggests that protein translation dependent regulation of plasticity occurs more rapidly than previously thought. Furthermore, based on the conservation of CPEB signaling, our study suggests that rapid temporal control of CPEB function may regulate plasticity in other experimental systems.
Experimental Procedures Animals and transfection
All protocols were approved by the Animal Care and Use Committee at the Scripps Research Institute. Xenopus laevis tadpoles were purchased and reared as previously described (Bestman and Cline, 2008) . Stage 47-48 animals were anesthetized in 0.02% MS-222 (Tricane methanesulfonate, Sigma, St. Louis, MO) and the tectum was electroporated with plasmids (1-2 μg/μl) or morpholinos (1 μM) .
Visual avoidance assay and visual conditioning
The visual avoidance assay was conducted on individual tadpoles as described (Shen et al., 2011 ) (Supplemental Methods).
Electrophysiology
In vivo whole cell recordings of visually-evoked responses were collected and analyzed as described (Shen et al., 2011 ) (Supplemental Methods).
Imaging
In vivo time-lapse 2 photon imaging and analysis were conducted as described (Bestman and Cline, 2008 ) (Supplemental Methods).
Click chemistry and analysis of AHA labeling by Western blots
AHA (L-azidohomoalaine, 150-500 mM, pH 7.4, Anaspec) or PBS was injected into the tectal ventricle of anesthetized stage 47/48 tadpoles. Animals recovered from anesthesia for 30 minutes before they were used for experiments. For analysis of AHA-biotin tagged proteins by Western blots, tecta were dissected from 60 to 100 anesthetized animals for each group and processed for click chemistry labeling (Dieterich et al., 2007; Speers and Cravatt, 2009; Weerapana et al., 2007) , as described in Supplemental Methods.
Click chemistry and analysis of AHA labeling by tandem mass spectrometry
For tandem mass spectrometry (MS/MS), AHA injections were done once a day for two days and brains of 1200-1500 animals were dissected 1-2 hours after the second injection. Brains were homogenized in PBS containing 0.5% SDS in PBS/protease inhibitor (PI; Roche, complete ULTRA Tablets, Mini, EDTA-free Protease Inhibitor cocktail tablets) followed by sonication with a probe sonicator. Samples were boiled for 10 min at 96-100°C and adjusted to 0.2 % TritonX-100 and then chilled. For each 400 μl reaction, 1.5 mg of total protein was used with 1.7 mM Triazole ligand (Invitrogen) in 4:1 tBuOH/DMSO (Sigma), 50 mM CuSO4 (Sigma), 5mM Biotin Alkyne (Invitrogen) and 50 mM TCEP (Sigma) added in sequence. The reaction proceeded for 1-2 hours at room temperature. Excess reagents were removed with methanol/chloroform precipitation. Precipitated protein (15mg) was air dried and resuspended in 100 μl of 0.2% ProteaseMAX (Promega, Madison, WI) and then 100ul of 8M urea was added. The solution was reduced with 5 mM TCEP for 20 min at 37°C, and then reduced with 10 mM IAA for 20 min in the dark at room temperature. Next, 150 μl of 50 mM ammonium bicarbonate and 2.5 μl of 1% ProteaseMAX were added prior to the addition of 200 μg trypsin. The sample was digested for three hours at 37°C in a shaking incubator. The peptides were desalted as previously described (Villen and Gygi, 2008) and dried with a speed-vac prior to AHA-peptide enrichment. The peptides were resuspended in 1 ml PBS and incubated with 200 μl Neutravidin beads (Pierce) at room temperature for 2 hours. Beads were washed with PBS and the peptides were eluted with elution buffer (0.1% TFA/0.1% formic acid/70% acetonitrile in H 2 O) for the MS/MS analysis.
Multidimensional Protein Identification Technology (MudPIT)
The eluted AHA-biotin peptides were pressure-loaded onto a 250 μm i.d. capillary with a kasil frit containing 2 cm of 10 μm Jupiter C18 material (Phenomenex, Ventura, CA) followed by 2 cm 5 μm Partisphere strong cation exchanger (Whatman, Clifton, NJ). This loading column was washed with buffer containing 95% water/5% acetonitrile/0.1% formic acid. After washing, a 100 μm i.d. capillary with a 5 μm pulled tip packed with 15 cm of 4 μm Jupiter C18 material (Phenomenex, Ventura, CA) was attached to the loading column with a union, and the entire split-column (loading column union analytical column) was placed inline with an Agilent 1100 quaternary HPLC (Palo Alto, CA) and analyzed using a modified 12-step separation described previously (Washburn et al., 2001) . The buffer solutions used were 5% acetonitrile/0.1% formic acid (buffer A), 80% acetonitrile/0.1% formic acid (buffer B), and 500 mM ammonium acetate/5% acetonitrile/0.1% formic acid (buffer C).
Step 1 consisted of a 60 min gradient from 0-100% buffer B. Steps 2-11 had the following profile: 3 min of 100% buffer A, 5 min of X% buffer C, a 10 min gradient from 0-10% buffer B, and a 105 min gradient from 15-100% buffer B. The buffer C percentages (X) were 10, 15, 20, 25, 30, 35, 40, 45, 50 , 60% respectively for the 12-step analysis. For the final two steps, the gradient contained: 5 min of 100% buffer A, 5 min of 100% buffer C, a 10 min gradient from 0-15% buffer B, and a 105 min gradient from 15-100% buffer B.
As peptides eluted from the microcapillary column, they were electrosprayed directly into an LTQ-OrbitrapXL hybrid mass spectrometer (ThermoFinnigan, Palo Alto, CA) with the application of a distal 2.4 kV spray voltage. A cycle of one full-scan FT mass spectrum (300-1600 m/z) at 60,000 resolution followed by 10 data-dependent IT MS/MS spectra at a 35% normalized collision energy was repeated continuously throughout each step of the multidimensional separation. Application of mass spectrometer scan functions and HPLC solvent gradients were controlled by the Xcaliber datasystem.
Analysis of Tandem Mass Spectra
MS/MS spectra were analyzed using the following software analysis protocol. MS/MS spectra remaining after filtering were searched with the Prolucid (Xu et al., 2006) against the UniProt Xenopus laevis 01-01-2011 concatenated to a decoy database in which the sequence for each entry in the original database was reversed (Peng et al., 2003) . All searches were parallelized and performed on a Beowulf computer cluster consisting of 100 1.2 GHz Athlon CPUs (Sadygov et al., 2002) . A static modification of 57.02146 on cysteine and a differential modification of 523.2749 on methionine were searched. Prolucid results were assembled and filtered using the DTASelect (version 2.0) program (Cociorva et al., 2007; Tabb et al., 2002) . DTASelect 2.0 uses a linear discriminant analysis to dynamically set XCorr and DeltaCN thresholds for the entire dataset to achieve a user-specified false discovery rate (FDR). In addition, the modified peptides were required to be fully tryptic, less than 5ppm deviation from peptide match, and a FDR at the spectra level of 0.01. The FDRs are estimated by the program from the number and quality of spectral matches to the decoy database. For this analysis, the AHA-modified protein and peptide FDRs were 0.81 and 0.49 respectively. Raw data are available at http://uther.scripps.edu/published/ AHA_invivo_Xenopus/raws/, and can be accessed with Xcalibur 1.0 software for use with Thermo mass spectrometers. Cellular localization as annotated by Gene Ontology was determined by STRAP (Software Tool for Researching Annotations of Proteins) (Bhatia et al., 2009) . Figure 4 represents the percentage of genes with annotated localizations and some genes were annotated to multiple compartments.
Statistical tests
All data are presented as mean ± SEM. Data are considered significantly different when p values are less than 0.05. Where noted, two-tailed Student's t-test was used for comparisons of two groups and ANOVA with Newman-Keuls test was used for comparisons of multiple groups. Experiments and analysis were performed blind to the experimental conditions.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Conditioning-dependent plasticity of visual avoidance behavior A. Diagram of visual avoidance behavior. When a stimulus approaches a freely swimming tadpole, the animal rapidly changes its swim trajectory. B. The avoidance index (AI) remains constant over 7 hours and is unchanged after 24 hours. Dotted line is the average AI over the first three tests. C. VC for 30 minutes during the period marked with the grey bars significantly enhanced AI for at least 24 h. D, E. AI significantly increased compared to baseline when tested up to 24 h after 2 h or 4 h of VC. **P<0.01, *P<0.05. N= 6-12 animals per group. See also Figure  S1 . Behavioral plasticity requires calcium-dependent signaling, gene transcription and protein synthesis. A,B. CPP (25 μM) during but not after VC blocked visual avoidance plasticity. C, D. Joro Spider Toxin (JST, 500 nM) during or after VC blocks behavioral plasticity. E, F. KN93 (5 μM) but not KN92 (5 μM) blocks behavioral plasticity. G,H. Anisomycin (ANI, 25 μM) during or after VC blocks plasticity. I. Actinomycin D (Act D, 25 μM) during VC blocks behavioral plasticity. J. AI (mean ± SEM) from 3-4 hours after VC. N=8-16 animals per group. **P<0.01, *P<0.05. See also Figure S2 . Mass spectrometric analysis of AHA incorporation in vivo identifies newly synthesized CNS proteins. (A) Annotation of AHA-biotin labeled proteins according to sub-cellular compartments and organelles using STRAP. Proteins in each compartment are listed in Table S1 . (B) Annotation of AHA-biotin labeled proteins according to function in neurons. Proteins are listed in Table S2 . Identification of proteins synthesized in response to visual conditioning A. Analysis of AHA-labeled β-tubulin relative to total β-tubulin in tecta from control and VC tadpoles. Left panel: Total β-tubulin in control and VC samples is comparable (VC/control = 0.98 ± 0.09). Middle and right panels: VC increases AHA-biotin labeled β-tubulin (VC/control=1.5±0.2; N=3). AHA-biotin labeled β-tubulin is not detected when copper is omitted from the reaction. B. VC increases protein synthesis. Protein candidates were measured in the total input and as biotinylated proteins from control and VC animals. C,D. Quantification of data in B. Relative labeling intensities (VC/control) of total input (C) or AHA-biotin (D). N=3 independent experiments for each candidate. * P<0.05, ** P<0.01. CPEB is required for plasticity of avoidance behavior. A. CPEB-MO (blue) blocks VC-induced visual avoidance behavior seen with control morpholino (Ctrl-MO, red). Morpholinos were electroporated 2 days before VC and behavioral testing. B. Co-electroporation of CPEB-MO and full length Xenopus CPEB-CFP increases baseline AI and occludes VC-induced plasticity. C. Co-electroporation of mutant Xenopus CPEB-GFP, lacking CaMKII phosphorylation sites with CPEB-MO fails to rescue the decrease in VC-induced plasticity seen with CPEB MO alone. D. AI (mean ±SEM) 3-4 h after VC. E. Baseline AI (mean ±SEM) before VC. F. CPEB-MO electroporated 2 h before VC blocks behavioral plasticity for at least 18 h. N=8-16 animals per group. **P<0.01. See also Figure S5 . Conditioning-dependent synaptic and structural plasticity requires acute CPEB synthesis A. Visual stimulus-induced excitatory compound synaptic currents (eCSCs) from control, VC and VC + CPEB-MO animals at light intensities of 10, 20, 250 cd/m 2 . B. VC-induced increases in early (<100ms) and late (>100ms) components of CSCc are significantly inhibited by CPEB-MO. Control and Ctrl-MO data were combined because they are not significantly different (Early eCSCs (nA*s): 10 cd/m 2 : Control = 0.88±0.24nA; Ctrl-MO = 0.87±0.21nA, P=0.97; 20 cd/m 2 : Control = 1.91±0.68nA; Ctrl-MO = 1.02±0.19nA, P=0.26; 300 cd/m 2 : Control = 2.47±0.73nA; Ctrl-MO = 1.15±0.22nA, P=0.14. Late eCSC's: 10 cd/ m 2 : Control = 4.74±1.63nA; Ctrl-MO = 5.57±1.04nA, P=0.66; 20 cd/m 2 : Control = 20.34±8.9nA; Ctrl-MO = 7.18±1.32nA, P=0.12; 300 cd/m 2 : Control = 29.45±12.33nA; Ctrl-MO = 10.52±3.39nA, P=0.12.). MO's were electroporated 2 h before recording. N=7-8 neurons/group) C. Drawings of representative neurons imaged in vivo over 4 h in animals exposed to ambient light, VC, VC+Ctrl-MO and VC+CPEB-MO. MO's were electroporated 2 h before imaging. D. VC significantly increases total dendritic branch length (TDBL) in control and Ctrl-MO neurons, but not in CPEB-MO neurons. *P<0.05; **P<0.01.
